C NMR chemical shifts were determined at the same level using the gauge-invariant atomic orbital (GIAO) method. The magnitude of the spin-spin coupling constants was found to be affected by the orientation (axial or equatorial) of the coupling proton and the orientation of the hydroxy group on the coupling carbon, whereas the chemical shifts depend on the presence or absence of electron-withdrawing hydroxy groups attached to the carbon atoms involved.
Introduction
Quinic acid (1,3,4,5-tetrahydroxycyclohexanecarboxylic acid) is a widely occurring natural secondary metabolite, considered as a chiron store for the synthesis of a number of natural products [1, 2] . Quinic acid has eight different stereoisomers, which differ in the stereochemistry of the chiral carbon atoms (C1, C3, C4, and C5) of the cyclohexane moiety (see Fig. 1 ). Among these stereoisomers, there are two pairs of enantiomers and four meso (i.e., optically inactive) forms. The pairs of enantiomers are (−)-and (+)-quinic acid and (−)-and (+)-epi-quinic acid, whereas the meso forms include cis-, muco-, neo-and scyllo-quinic acid. All these isomers can be derived from (−)-quinic acid by inversion at one or two stereogenic centers: inversion at C1 gives (−)-epi-quinic acid; inversion at C3 yields muco-quinic acid; inversion at C5 gives cis-quinic acid; inversion at both C3 and C4 gives neo-quinic acid, and inversion at C4 and C5 yields scyllo-quinic acid [3] . Among these possible stereoisomers, (−)-quinic acid is readily found in a variety of diverse natural products [4] . Isolation of quinic acid from plants by chromatographic techniques dates back to the 1950s; in 1953, it was isolated as pure l-quinic acid through column chromatography on anion exchange resin [5] . In 1989, four different tetragalloyl quinic acids were isolated from commercial tannic acid. These were identified as a new class of human immunodeficiency virus (HIV) reverse transcriptase inhibitors [6] . Dicaffeoyl and tetragalloyl derivatives of quinic acid possess great potential to combat various diseases. Its caffeoyl derivatives [7] are reported as therapeutic agents having cytotoxic, antioxidant [8, 9] , anti-Alzheimer, hepatoprotective [10] , hepatotoxic [11] , neuroprotective, and neurotrophic effects [12] .
All eight quinic acid stereoisomers occur in two different chair conformations, which can be converted into each other by a Bchair flip^ [13] . These two chair conformations have opposite axial/equatorial positions of the carbonyl and hydroxyl groups. The prevalent conformer may vary depending on factors such as the particular environment. For example, Scholz-Böttcher et al. recorded NMR data on different quinic Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00894-018-3866-6) contains supplementary material, which is available to authorized users. acid stereoisomers, including the ammonium salt of epi-quinic acid [14] . They concluded that the two possible chair conformations for this stereoisomer are in equilibrium, with a preference for the stereoisomer that has the carboxyl group in the axial position.
Nucleid magnetic resonance (NMR) has been one of the most popular experimental techniques to study quinic acid derivatives. In 1970, Corse and Lundin reported an experimental NMR study on (+)-(−) and (±) epi-quinides as well as scylloquinic acid [15] . The NMR spectrum of scyllo-quinic acid indicated that all three hydroxy groups are in the equatorial position. Neo-quinic acid was reported for the first time by ScholzBöttcher et al. in 1991 [14] . They studied a mixture of six stereoisomeric quinic acids, four γ-quinides, and three δ-quinides. In addition to neo-quinic acid, two meso-quinic acids and several quinides were also reported for the first time [14] . Pauli et al. studied naturally occurring hydroxycinnamoylquinic acids using NMR [4] . A full set of chemical shift values and spin-spin coupling constants were obtained. Specific rules for proton substituent chemical shifts were obtained, which allowed to distinguishing between different position isomers and single caffeoyl units in substituted quinic acids. Other experimental techniques have been employed as well. Deshpande et al. synthesized four quinic acid isomers, namely epi-, muco-, cis-, and scyllo-quinic acid, to develop a tandem liquid chromatography-mass spectrometry (LC-MS) method to identify several quinic acid stereoisomers [3] . They reported that the stereoisomers can be chromatographically resolved and identified by their behavior in tandem MS spectra.
Computational studies have been shown to be an invaluable tool in differentiating the conformers of natural products. For example, Härtner and Reinscheid studied the diastereomers of menthol using experimental NMR and DFT calculations [16] . Differences in the 13 C chemical shifts allowed the differentiation of the prochiral methyl groups of the isopropyl substituent of menthol. In the present investigation, proton and carbon NMR spectroscopic properties are calculated to aid structural assignment of natural quinic acid and its stereoisomers. Although the literature provides a number of reports of quinic acid characterized on the basis of NMR spectroscopic techniques, there are no unambiguous data available to elucidate the structures of the eight possible stereoisomers of quinic acid. Furthermore, the stereochemistry of the stereo centers cannot be deduced from proton and carbon NMR chemical shifts only. However, the 1 H-1 H coupling constant values of the axial and equatorial protons may vary enough with the axial and equatorial arrangement of the COOH and OH groups to elucidate the correct structure of the compounds. The aim of the current study is to find correlations between the computed NMR data and the structure of the stereoisomers, such as the orientation (equatorial or axial) of the substituents. These correlations can then be used to provide assignments of the positions of the hydroxy groups for quinic acids and related compounds (such as octulosonic acid) based on NMR data.
Methods
All calculations were performed using Gaussian 09 [17] . Geometries were fully optimized with the B3LYP [18] [19] [20] density functional and the 6-311G(d,p) [21] basis set. Solvent effects were included using the polarizable continuum model (PCM) [22] using the integral equation formalism (IEFPCM [23] ) variant and methanol as the solvent. As mentioned above, each stereoisomer has two separate chair conformations, with the COOH group either axial or equatorial [13] . We have chosen the conformers following Ref. [14] , i.e., COOH equatorial for quinic acid, muco-quinic acid, and neoquinic acid and axial for the other stereoisomers. To optimize hydrogen bonding, the OH-groups attached to carbons 1, 3, 4, and 5 (see Fig. 1 for atom labeling) were oriented such as to form a chain of hydrogen bonds. This can be achieved in two directions, which we label (arbitrarily) clockwise and anti- clockwise. Cartesian coordinates of the optimized structures can be found in the Supporting Information (Table S5) . For each quinic acid stereoisomer, we chose the one (clockwise or anti-clockwise) with the lowest energy.
1 H-and 13 C-NMR shielding tensors and proton-proton and carbon-proton spin-spin coupling constants were subsequently calculated at the same level of theory. For compound 1, the calculations used DMSO (dimethyl sulfoxide) as the implicit solvent, to match the experimental conditions [24] . For (−)-quinic acid and compounds 1 and 2 (see below) the spin-spin couplings were also calculated with B3LYP/EPR-II in implicit solvent. The EPR-II basis set is a double zeta basis set with polarization functions and an enhanced s-part and is optimized for the calculation of hyperfine coupling constants [25] . The shielding tensors were computed using the gaugeinvariant atomic orbital (GIAO) method [26] [27] [28] . Chemical shifts were calculated by subtracting the 1 H and 13 C chemical shieldings from the corresponding shielding of TMS (tetramethylsilane), calculated at the same level of theory. Proton-proton and carbon-proton spin-spin coupling constants (
J C-H and 3 J C-H ) were calculated as the sum of the four Ramsay terms [29] (i.e., Fermi contact, spin dipolar, diamagnetic spin-orbit, and paramagnetic spin-orbit terms). The calculation of the spin-spin coupling constants employed the Bmixed^keyword, which calculates the spin-spin couplings in a two-step process: in the first step, the user-specified basis set is modified for the calculation of the Fermi contact term by uncontracting the basis set and adding tight polarization functions; in the second step the other terms are calculated with the unmodified basis set.
Results and discussion
Relative stabilities of the quinic acid stereoisomers Figure 1 shows the eight possible stereoisomers of quinic acid, labeled QA1 to QA8. The carbon atoms are numbered starting from the carbon that carries the COOH group. Note that this is the same numbering as that used by Abrankó and Clifford [13] . Figure 2 shows the optimized structures of the quinic acid isomers. Their relative energies are shown in Table 1 . Note that each of the (+) / (−) quinic acid and (+) / (−) epi-quinic acid enantiomers are mirror images and therefore have the same energy. The most stable isomer was found to be (+) / (−) quinic acid. The neo-quinic acid isomer is the next most stable isomer, with an energy 4.82 kcal/mol relative to the global minimum. The relative stabilities of the remaining isomers are around 6 kcal/mol. Thus, according to DFT, the order of stability of the quinic acid stereoisomers is (−)-quinic acid = (+)-quinic acid > neo-quinic acid > cis-quinic acid ≈ muco-
Validation of level of theory
Although mass spectra and 1 H and 13 C chemical shifts of the quinic acid compounds are available in the literature [3] , the mass spectra of the different isomers often give very similar peaks and fragmentation patterns, complicating distinguishing between different stereoisomers. In the LC-MS study of Deshpande et al. [3] , not all stereoisomers of quinic acid could be distinguished based on their mass spectra. This is a common finding for isomeric compounds. It is therefore important to determine the coupling constants.
To validate the chosen level of theory, we compare calculated and experimental couplings, where experimental data are available (i.e., for (−)-quinic acid [4] and for two other compounds, see below). A comparison of the experimental and theoretical J HH couplings for (−)-quinic acid is shown in Table 2 . Note that C2 and C6 have two hydrogens attached to them, one of which is in the axial, and the other in the equatorial position. In (−)-quinic acid, the hydrogen attached to C3 is in the equatorial position, whereas the hydrogens attached to C4 and C5 are in the axial position. Table 2 shows that the calculated couplings are in good agreement with the experimental ones (largest deviation: 2.3 Hz with the EPR-II (mixed) basis set).
To verify the accuracy of the calculations for 13 C-1 H coupling constants, the same methods were applied to two other compounds for which experimental structural and NMR data are available: an octulosonic acid derivative (1), which is a phenolic compound found in the roots of yacon (Smallanthus sonchifolius), a perennial daisy grown in the Andes, and a phenylpropanoyl 2,7-anhydro-3-deoxy-2-octulosonic acid derivative (2) isolated from horseweed (Conyza canadensis), an annual plant native to Central and North America. The structure of compound 1, 1R,2S,3R,4R,5S,7R)-4-hydroxy-7-hydroxymethyl-2,3-bis[3-(3,4-dihydroxyphenyl)-1-oxo-2-propenyloxy]-6,8-dioxabicyclo[3.2.1]octan-5-carboxylic acid, was established on the basis of mass spectrometry, NMR spectra, and circular dichroism analysis [30] . Three-bond ( 3 J CH ) 13 C-1 H spin-couplings were used to determine the relative configurations at C1, C2, C3, and C7 in compound 2, rel-(1S,2R,3R,5S,7R)-methyl 7-caffeoyloxymethyl-2-hydroxy-3-feruloyloxy-6,8-dioxabicyclo[3.2.1]octane-5-carboxylate [24] . Compounds 1 and 2 are shown in Fig. 3 . Table 3 lists the experimental and computed coupling constants for compounds 1 and 2. The computed J C3-H1 , all involving carbon atoms with large, flexible substituents (carboxylic acid, feruloyl, and caffeoyl groups). Note that the absolute configuration of 2 was not determined [24] .
Overall, B3LYP with either basis set gives good results for the Spin-spin coupling constants for the quinic acid stereoisomers Table 4 . A full breakdown of the coupling constants into the four Ramsay terms is provided in the Supporting Information ( Table S1 ). Note that the position (axial or equatorial) of the hydrogens attached to C3, C4 and C5 depends on the actual conformer (see Fig. 1 ). We have indicated in Table 4 whether the coupling is between two equatorial (eq-eq) or two axial (ax-ax) protons or between one axial and one equatorial (ax-eq) proton. Note that the couplings for the QA1/QA3 and QA2/QA4 pairs are equivalent.
For all couplings, the Fermi contact term is dominant (Table S1 , Supporting Information). The two-bond J H6ax-3 J eq-eq Fig. 2 Optimized geometries of stereoisomers QA1 -QA8 Tables 5, 6 , and 7, respectively. A full breakdown of the couplings into the four Ramsay terms is provided in the Supporting Information (Tables S2, S3 , and S4, respectively). Like for the In general, only very weak correlations were found between the couplings and corresponding geometrical parameters ( 1 J CH : distance between the coupling atoms; 2 J CH : angle involving the coupling atoms and the bridging atom; 3 J CH : torsion involving the coupling atoms and the two bridging atoms in between; these geometrical parameters are also included in Tables S2, S3 , and S4). Instead, we found that the couplings are primarily dependent on the orientation J H6eq-H2eq 2.6 (eq-eq) 2.1 (eq-eq) 2.1 (eq-eq) (axial or equatorial) of the coupling protons and/or the orientation of the hydroxy groups attached to the coupling carbon, as discussed below. The one-bond 13 C-1 H coupling constants (Table 5) (Table 6 ) are affected by both the orientation of the coupling proton and the hydroxy group on the coupling carbon. Couplings to axial protons are affected by the orientation of the hydroxy group attached to the coupling carbon atom. This is very clear for the 2 J C1-H2ax , 2 J C1-H6ax , 2 J C3-H2ax , and 2 J C5-H6ax couplings; the couplings are small negative or slight positive (−1.9 -0.5 Hz) when the hydroxy group is in the axial position and more negative (−5.1 to −6.5 Hz) otherwise. A similar effect can also be seen for the 2 J C3-H4 , 2 J C4-H3 , 2 J C4-H5 and 2 J C5H4 couplings, which are positive (1.8-2.6 Hz) when the both the coupling proton and the hydroxy attached to the carbon are axial, and negative (−2.5 to −4.4 Hz) otherwise. A similar effect is not observed for couplings to equatorial protons.
The three-bond 13 C-1 H couplings are presented in Table 7 . These couplings mainly depend on the position of the coupling proton. Couplings of carbons with equatorial protons are larger (between 4.0 and 10.3 Hz) than those with axial protons (which range from 0.0 to 2.7 Hz). This correlates with the dihedral angle defined by the coupling atoms (listed in the Supporting Information): the couplings are generally large when the dihedral angle is close to 180°(equatorial couplings) and smaller for angles around 60 and −60°( axial couplings). The orientation of the hydroxy group attached to the coupling carbon affects some of the couplings: the 3 J C4-H2eq and 3 J C4-H6eq couplings are larger (in QA1-4, QA6, and QA8; 8.2 -9.0 Hz) when the hydroxy group is in the equatorial position than when it is axial (in QA5 and QA7; 5.8 to 6.0 Hz). 
Conclusions
We calculated geometries, NMR spin-spin coupling constants, and chemical shifts of the eight stereoisomers of quinic acid. Both levels of theory applied in this study, B3LYP/6-311G(d,p) (mixed), and B3LYP/EPR-II (mixed), both in methanol continuum solvent, produced reliable geometries and NMR parameters. The calculated coupling constants were found to be the key determinants for differentiation and identification of the different stereoisomers: The magnitude of the 3 J HH couplings depends on the position (axial or equatorial) of the coupling protons, whereas the 13 C-1 H couplings primarily depend on the orientation of the coupling proton and/or the orientation of the hydroxy groups attached to the coupling carbon. Thus, the computational data provided here can be used to provide reliable assignments of the positions of the hydroxy groups for quinic acids isolated from plants or for synthesized quinic acid derivatives. Analogous DFT techniques can be used to differentiate between different stereoisomers of systems similar to quinic acid, such as octulosonic acid. 
